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@ IVlethod of depositing tungsten on silicon In a non-self-limlting CVD process and semi-conductor 
device manufactured thereby. 



0 A method of depositing tungsten on a substrate utilizing silicon reduction wherein the process Is non-llmit'ng 
as to the thickness of silicon that may be converted to tungsten, A silicon substrate is provided with at least one 
area of silicon material having a predetermined thickness and the substrate is exposed to a tungsten 
hexafluoride gas flow in a chemical vapor deposition environment. By adjusting the WFe gas flow rate and the 
CVD process parameters, such as pressure, temperature and deposition time, the thickness of silicon converted 
to tungsten can be adjusted in order to convert the entire thickness. A novel structure having a midgap tungsten 
gate and tungsten source and drain metallized layers is also disclosed. 
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METHOD OF DEPOSITING TUNGSTEN ON SILICON IN A NON-SELF-LIMITING CVD PROCESS AND 
SEMICONDUCTOR DEVICE MANUFACTURED THEREBY 

This invention generally relates to the deposition of metal layers on a substrate and more particularly to 
CVD methods for selectively converting silicon to a refractory metal and to MOS semiconductor devices 
formed thereby. 

In the manufacture of semiconductor devices there is a continuing desire to increase device density on 

5 the semiconductor chips in order to increase the resulting operating speeds of the device. The tight pacidng 
of devices on the chips places a premium on manufacturing techniques to meet the high standards of 
reliability necessary for such devices. In the manufacture of MOS devices, there has been considerable 
investigation of the deposition of refractory metals, such as tungsten and molybdenum. Refractory metals 
have excellent diffusion bam'er properties and low contact resistance with silicon. 

10 Presentiy. selective deposition of tungsten is performed by silicon and hydrogen reduction of tungsten 
hexafluoride gas. It is well l<nown that tungsten may be deposited by only silicon reduction of tungsten 
hexafluoride according to the following equation: 
2WF6 + 3Si-*2W + 3SiF4t 

The prior art has taught however, that silicon reduction is self-limiting and results in encroachment 

76 problems. The addition of hydrogen reduction is used to deposit tungsten in the desired thicl<ness. The 
hydrogen reduction method, however, also results in severe encroachment problems. In addition, the 
selectivity in depositing tungsten strictly depends on the predeposition condition of ttie wafer, deposition 
chamber design, vacuum capability, the metiiod of heating the substi-ate. and elaborate bake and purge 
cycles. Poor reproduceabiiity, slow growth rates at turret temperatures below 400* C. (less than 10 nm per 

20 minute), and selectivity breakdown are the major drawbacks of this process. In addition, HP liberated in the 
hydrogen reduction process etches recess oxide isolation areas of the devices, resulting in penetration of 
tungsten hexafluoride along tiie oxide edges. Also, the density of exposed silicon detemnines the selectivity, 
therefore reducing the selectivity of tiie process. 

Several prior art methods have been suggested to overcome the above problems in tungsten 

'25 deposition. In tfie U.S. Patent Application Serial No. 044,262, filed April 30, 1987, tiie substi'ate, after being 
exposed to WFs gas to convert a limited thickness of silicon, a subsequent layer of silicon is deposited 
using a plasma deposition and the wafer Is then again exposed to the WFs gas. These steps are repeated 
until the desired tiiickness of silicon Is converted to tungsten, in U.S. Patent 4,595,608, tiie substi-ate is 
periodicaily removed from the CVD deposition environment and moisture is applied to the areas on which 

30 tungsten is not to be deposited. The substrate is then redisposed in the CVD environment. The process 
uses tungsten and hydrogen reduction. 

The present invention Is directed to a metiiod for depositing a layer of refractory metal on a substrate in 
a CVD environment utilizing only silicon reduction of a hexafluoride gas of the metal. The substrate is 
provided with one or more areas of silicon material having a predetenmined thickness. The inventor has 

35 discovered that by adjusting one or more of the metal hexafluoride gas flow rate and the CVD process 
parameters, that the silicon reduction process is not self-limiting and tiiat the desired tiiickness of tiie silicon 
material can be converted to tiie refractory metal. The process parameters ttiat are adjusted include, 
temperature, total pressure, partial pressure on the metal hexafluoride gas, and carrier gas flow rates. 
. The method can be utilized to make semiconductor devices and metal interconnects between chip 

40 layers and may be utilized for planarization of via holes used for multi-level interconnects. In a novel 
semiconductor structure utilizing the inventive process, the source, drain and gate silicon is converted to 
tungsten in one step. The tungsten gate has a midgap work function and low resistivity making the device 
particularly useful for sub-half micron MOS devices. 

In accordance with the method of making a semiconductor device, the substrate of silicon material is 

45 provided having a surface defining drain and source regions and a silicon gate having top, bottom and 
sidewalls of an insulator layer material disposed on the substrate surface adjacent the drain and source 
regions, in addition, recessed isolation regions are disposed adjacent the source and drain regions spaced 
from the silicon gate. The use of poiysilicon for tiie gate material is well known, however, tiie present 
invention may also utilize single crystalline silicon or amorphous silicon. Silicon is selectively deposited on 

so the source and drain regions by any suitable method, such as selective epitaxial growth. The top insulator 
layer of the gate is then removed by RIE or a wet etch process. 

Thereafter, the substrate is exposed to the metal hexafluoride gas flow in a chemical vapor deposition 
environment and the gas flow rate and the CVD process parameters are adjusted to convert tiie silicon gate 
and the source and drain silicon to the refractory metal, up to the entire thickness of the silicon material if 
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desired. In one embodiment sidewall spacers of insulator nnaterial are selectively deposited on the source 
and drain silicon layers prior to exposing the substrate to the CVD process. 

The thickness of the silicon on the source and drain regions should be substantially the same as the 
thickness of the silicon gate If a midgap gate work function is desired. The height differential between the 
5 source, drain and gate silicon material would result only from the gate oxide layer between the gate and the 
substrate. Thus, upon conversion of the entire thickness of the source-drain silicon regions, all of the silicon 
gate will be converted. 

Alternatively, the source and drain silicon may be grown to a thickness less than the thickness of the 
silicon gate. In this embodiment, only part of the silicon gate will be converted to the refractory metal upon 
10 conversion of the entire source and drain regions. 

The process of the present invention permits semiconductor devices to be made without the prior art 
problems of encroachment and bridging. By avoiding the use of hydrogen In the reduction process, the 
problem of etching the recessed oxide isolation regions is also eliminated. The process is easily 
implemented in standard CVD process systems. 
15 Figs, 1-6 are cross-sectional representations of a MOS wafer showing sequentially the major fabrica- 

tion steps employed in Implementing the present invention. 

Rg. 7 is a graph showing the relationship between the tungsten thickness and the total pressure of 
the CVD environment. 

Rg. 8 is a graph showing the relationship between the tungsten thickness and the total canrier gas 
20 . flow rate. 

Rg. 9 is a graph showing the relationship between the tungsten thickness and the temperature of the 
CVD environment. 

Rg. 10 is a graph showing the relationship between the tungsten thickness and the deposition time. 
Rg. 11 is a photograph of the conversion of a multi-level Interconnect via to tungsten. 

25 , 

Refemng now to the drawings. Rg. 1 shows a silicon wafer after gate delineation using standard CMOS 
fabrication processes. The wafer includes a silicon substrate 12 and source and drain regions 14 and 16. 
The silicon substrate is shown having p-conductivity and the source and drain regions having n + 
conductivity. However, a p + source and drain and n substrate may also be utilized. The wafer also includes 

30 recessed Isolation regions 18 and 20 which may be formed with silicon oxide or silicon nitride. Gate region 
22 includes a gate oxide layer 24 and a silicon gate layer 26. The gate region 22 also includes sidewails 27 
and 28 and top wail 30 made of an insulator material such as SiOa or Si3N4. The silicon used for the 
substrate 12 and the gate layer 26 may be any of the silicon structures of single crystal silicon, 
polycrystalline silicon or amorphous silicon. In the preferred embodiment, substrate 12 is single crystal 

35 silicon and the gate layer 26 is polycrystalline silicon. Typically, tiie gate oxide region 24 is about 12.5 nm 
thick. The gate silicon is about 400 nm thick and the sidewall and spacers are about 150 nm wide. The top 
wall layer is typically about 20 nm thick. The above dimensions are provided for example only as any 
suitable configuration may be used in the inventive process. 

As shown in l=ig. 2. source and drain silicon layers 32 and 34 are grown onto source and drain regions 

40 14 and 16. The source and drain silicon regions 32 and 34 are preferably selectively epitaxially grown, 
however, they may be grown by any known manner. As shown in Rg. 3, a blanket layer 36 of Insulator 
material, such as SiOa or SlaN^. is deposited over the entire substrate. The blanket layer 36 is then 
selectively etched by. for example, reactive ion etching in order to leave sidewall spacers 38 for the silicon 
source and drain layers 32 and 34. The top insulator layer 30 is tiien removed by RIE or chemical wet etch 

45 to leave the structure shown in Rg. 5. 

The structure Is then exposed to a refraction metal hexafluorlde gas flow In a chemical vapor deposition 
environment in order to convert the silicon areas 26. 32 and 34 to tiie selected refractory metal. As shown 
in Fig. 6, regions 26. 32 and 34 are completely converted to tungsten. 

The total conversion of regions 26. 32 and 34 nnay be accomplished when the thicknesses of each of 

so the regions are substantially the same. The resulting device, having a height differential between the 
source-drain and ttie gate defined only by tiie gate oxide layer has been determined to exhibit a midgap 
gate work function. The midgap work function results in desired threshold voltages of t .6V, without the 
need for channel implants into n or p-channel devices. This avoids the inferior biiried-channel operation of 
PMOS and at the same time yields a higher mobility and transconductance for NMOS. 

55 However, it may be desirable to convert only a portion of the gate silicon to tungsten. In this 
embodiment, the thickness of tiie silicon deposited on the source and drain regions is less than tiie gate 
silicon. The conversion process is tiien performed so as to convert the entire source and drain silicon 
regions to tungsten and a corresponding thickness of the gate silicon. An example of the embodiment is 
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shown In phantom in Rg. 6, where It can be seen that the silicon portion 40 Is not converted. 

The process for converting the selected silicon areas on the substrate utilizes silicon reduction of a 
metal hexafluoride gas. it is well known that silicon may be reduced to tungsten in accordance with the 
following equation: 
5 2WF5 + 3SI^2W + aSIF^t (1) 

In addition, it is known.that silicon may reduce to molybdenum in accordance with the following equation: 
2MoF6 + 3Si-2Mo + 3SiF*t (2) 

Tungsten has been shown to be especially useful for metallization of contacts because of its barrier 
properties and low contact resistance with silicon. In the present Invention, the source, drain and gate are 
10 metallized with tungsten in a single step. The tungsten gate provides a midgap work function of 
approximately 4.8 eV. 

The inventor has detenmlned that by adjusting one or more of the tungsten hexafluoride gas flow rate 
and other CVD process parameters such as temperature, total pressure, partial pressure of the WF5 gas 
and the earner gas flow rate, that the silicon reduction of tungsten is not self limiting as shown in the prior 
IS art. Thus, the total thickness of the gate, source and drain silicon layers can be converted to tungsten in a 
single step. 

Reference is now made to the graph of Fig. 7 showing the total pressure in ubar versus the thickness 
of silicon converted to tungsten in nanometers. The pressure and thickness data was taken In an example in 
which the WFg flow rate was 15 SCCM and the can-ier gas flow rate was 100 SCCM. The CVD environment 

20 temperature, was 370* C and the deposition time was five minutes. The graph of Fig. 8 shows that as the 
total pressure is increased, the thickness of the tungsten also increased. It has been found that the suitable 
range of total pressure is between 266.6 (200 mT) and 2666.4 ubar (2.000 mT). 

Rg. 8 shows the relationship between the canier gas flow rate in SCCM and the tungsten thickness in 
nanometers. In this example the WFs flow rate was 16 SCCM, the total pressure was 266.6 ubar (200 mT), 

25 the deposition time was five minutes and the temperature was 370 'C. The graph of Rg. 8 shows that as 
the flow rate increased the thickness decreased. The pretended range of carrier gas flow rate is. therefore, 
between 50 and 100 SCCM. Rg. 9 shows the relationship between the temperature in degrees centigrade 
and the tungsten thickness. In this example, the WFe flow rate was 15 SCCM. the carrier gas was 100 
SCCM, the pressure was 266.6 ubar (200 mT) and deposition time was five minutes. The graph of Fig. 9 

30 shows that the preferred temperature range is between 300 or 500* C Rg. 10 shows the relationship 
between the deposition time in minutes and the tungsten thickness. In this example, the WFs flow rate wai 
15 SCCM. the earner gas flow rate was 100 SCCM, the pressure was 266.6 ubar (200 mT) and temperature 
was 370 *C. As can be seen, as the time increased the thickness of the tungsten also increased. Also 
shown In Rg. 10 are tests taken with the temperature below 300* C. and at 550 *C,. which show that the 

35 thickness failed to increase upon increase of the deposition time. The optional WFs flow rate has been 
determined to be within the range of 10 to 40 SCCM with the preferred range being between 15 and 30 
SCCM, 

The partial pressure of the tungsten hexafluoride gas may be determined in accordance with the 
following formula: 



40 



4S 



P = P 



(3) 



As can be seen in equation (3), the partial pressure is a function of the total pressure of the CVD 
environment and the tungsten and carrier gas, such as helium or argon, flow rates. 

so By calculation in accordance with equation (3). It can be determined that the partial pressure of the WFs 
gas is preferably within the range of 26.67 ubar to 1066.6 ubar (20 mT to 800 mT). 

Thus, it has been shown that the tungsten thickness is the function of total pressure of tungsten 
hexafluoride gas flow. In addition, the tungsten thickness is also a function of the carrier gas flow rate, the 
temperature and the deposition time. Hence, it can be seen that by adjusting the partial pressure of the 

55 WF9 gas, the thickness of the silicon converted to tungsten can be controlled so that part or all of the 
silicon source, drain and gate layers can be converted to tungsten. After the conversion to tungsten, the 
structure can be annealed in forming gas or pure hydrogen below 900* C for shallow junctions to reduce 
fluorine and oxygen in the film. 
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After this step, routine oxide deposition and Al-Cu-Si metallization is performed for adding the phmic 
contacts. For deep junctions, annealing can be performed above 1.000' C. Very little tungsten sillcide is 
formed at these high temperatures. A possible reason for this Is the incorporation of oxygen in the film 
which prevents silicide fonnnation. Since epi-silicon Is deposited on Si (100) the silicon consumption can be 

5 kept as low as possible, to reduce the contact resistance. The variation in sheet resistance is less than 5- 
6%. The process of the present invention has excellent reproduceabillty. The growth rate is approximately 
100 to 200 nm per minute which is two orders of magnitude higher than the hydrogen reduction method for 
the same temperature. The resulting structure has a unique grain size of less than 10 nm. 

The method of the present invention is also applicable to the planarization of vias for multi-level metal 

70 interconnects. The vias in a silicon oxide layer would first be filled with poiysllicon and then exposed to the 
silicon reduction method of the present invention. The entire thickness of the vias can easily be converted 
to tungsten in a one step process. Fig. 1 1 is a photograph of a multi-level interconnect having Si02 levels 
42 and 44 and an interconnect via 46. The via 46 was first filled with polysilicon and then converted to 
tungsten in accordance with the inventive process described sabove. The photograph shows that the entire 

IS via was converted to tungsten. 

The method of the present invention makes it possible to easily convert source, drain and gate 
polysilicon to tungsten in one step without the prior art problems of encroachment or bridging. The resulting 
midgap gate semiconductor structure can be used for sub-half micron MOS devices. There is minimal 
differential height between the metallized source and drain. This topography simplifies the planarization of 

20 passivation layers. The process is 100% selective, thermaliy stable and results in low contact and sheet 
resistance for the structure. The process is reproduceable with a high growth rate of tungsten metallization 
for shallow junctions. By adjusting the process parameters, any desired thickness of silicon can be 
converted to tungsten utilizing a standard LPCVD cold wall reactor. 

While the invention has been particularly shown and described with respect to prefenred embodiments 

25 thereof, it will be understood by those skilled in the art that the foregoing and other changes in form and 
details may be made therein without departing from the spirit and scope of the invention. 



Claims 

30 

1. IVIethod of converting a semiconductor substrate to a refractory metal comprising the steps of: 
providing a semiconductor substrate having a thickness greater than the thickness at which the reaction 
between said semiconductor and a refractory metal hexafiuoride is self-limiting; and 

exposing said substrate to said refractory metal hexafiuoride under conditions of flow rate, pressure and 
36 temperature sufficient to render said reaction no longer self-limiting. 

2. Method of claim 1 wherein the metal hexafiuoride gas is selected from WFs and MoFe. 

3. Method of claim 1 wherein the metal hexafiuoride is WFs and the WFs gas flow rate is between 10- 
40 SCCM, and the canier gas flow rate is between 50-100 SCCM. 

4. Method of claim 1 wherein the thickness is greater than the critical thickness of about 20 nm. 

40 5. Method of claim 3 wherein the total pressure is between 266.6 - 2666.4 tibar (200 mT - 2.000 mT) 
and the partial pressure of WFg is between 26.67 -1066.6 ubar (20 mT - 800 mT), 

6. Method of claim 1 wherein the temperature is between 300 - 500* C. 

7. Method of claim 1 wherein areas of semiconductor material on a sub>strate are converted to non-self 
limiting areas of a refractory metal comprising: 

45 providing at least one area of silicon material having a predetermined thickness on a substrate; 

exposing said at least one area of silicon material to a refractory metal hexafiuoride gas flow in a chemical 
vapor deposition environment defined by CVP process parameters; and 

adjusting one or more of said metal hexafiuoride gas flow rate and said CVD process parameters to convert 
said at least one area of silicon to said metal up to said predetermined thickness. 
50 8. Method of claim 7 wherein the CVD process parameters to be adjusted include, temperature, total 
pressure, partial pressure of the metal hexafiuoride gas. and a carrier gas flow rate. 

9. Method of claim 7 wherein the at least one area of silicon is selected from the group of single crystal 
silicon, polycrystalline silicon and amorphous silicon. 

10. Method of making a semiconductor device, comprising: 

55 providing a substrate of silicon material having a surtace defining drain and source regions, a silicon gate of 
a first predetermined thickness having top. bottom and sidewalls of an insulator material disposed on said 
substrate surface adjacent said drain and source regions and recessed isolation regions disposed adjacent 
said source and drain regions spaced from said silicon gate; 
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selectively depositing source and drain silicon of a second predetermined thickness on said source and 
drain regions respectively; 

removing said insulator material top wail from said silicon gate; 

exposing said substrate to a refractory metal hexafluorlde gas flow in a chemical vapor deposition 
5 environment defined by CVD process parameters; and 

adjusting one or more of said refractory metal hexafluoride gas flow rate and said CVD process parameters 
to convert said silicon gate and said source and drain silicon to said refractory metal up to said first and 
second predetermined thickness. 

11. Method of claim 10 wherein said substrate is single crystal silicon and said silicon gate and said 
10 source and drain silicon layers are poiycrystalline silicon. 

12. Method of claim 10 further including the steps of selectively depositing spacers of insulator material 
in the interface areas between the isolation regions and the source and drain silicon layers and between the 
silicon gate and the source and drain silicon layers prior to exposing the substrate to hexafluoride gas flow. 

13. Method of claim 10 wherein said Insulator material and said isolation regions are selected from the 
15 group of Si02 and SiaN*. 

14. Method of claim 10 wherein the CVD process parameters to be adjusted include temperature, total 
pressure, partial pressure of tiie metal hexafluoride gas. and a carrier gas flow rate. 

15. Method of claim 12 wherein the Insulator spacers are selectively deposited by depositing a blanket 
layer of insulator material over the entire substrate, and etching said blanket layer while leaving a portion of 

20 said insulator layer in said interface areas. 

16. Method of claim 10 wherein the first and second predetermined thicknesses are substantially the 
same or the second predetermined Uiickness is lese tiian the first predetenmined thickness. 

17. Method of clairn 7 wherein the at least one area of silicon material is provided by filling one or more 
vias of said predetermined thickness in an oxide layer disposed on a conducting substrate and whereby the 

25 silicon in the one or more vias is converted to tungsten up to said predetermined thickness. 

18. Metal oxide semiconductor device comprising: 
a semiconductor layer of a first conductivity type; 

drain and source regions of a second conductivity type formed In said semiconductor layer, said drain and 
source regions being separated from each other; 
30 an oxide insulating layer fonmed on said semiconductor layer between said source and drain regions; 

a refractory metal gate layer formed on said oxide insulating layer said refractory metal gate layer having 
sidewall spacers of an insulating material; 

source and drain refractory metal layers formed on said source and drain regions respectively, said source 
and drain refractory metal layers having sidewall spacers of an insulating material; and 
35 ohmic contacts formed on said source and drain refractory metal layers. 
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FIG. 1 
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FIG. 7 
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FIG. 10 
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FIG. 11 
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